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Perfluorinated compounds (PFCs) are a class of anthropogenic organofluorine compounds. Due 
to their excellent thermal stability and hydrophobic properties, PFCs have a wide variety of 
applications. While recently, there has been an increasing concern about perfluorinated 
compounds, especially perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA) 
due to their biotic and abiotic persistence and chronic toxicity. To characterize the spatial 
distribution and seasonal variation of PFOS and PFOA in the surface water of Singapore, water 
samples from 8 places of Singapore were collected and analyzed in this study, Solid-phase 
extraction followed by high-performance liquid chromatography (HPLC) coupled with tandem 
MS (HPLC/MS/MS) was applied to quantitatively detection PFOS and PFOA.  
Our results showed that PFOA concentrations in surface waters were in the range of 0.5-15.7 
ng/L , while those of  PFOS were 0.3-10.2ng/L. The highest concentration of PFOA (15.7 ng/L) 
and PFOS (10.2 ng/L) were observed in Kranji and Singapore River, respectively. The lowest 
concentration of PFOA (0.5 ng/L) and PFOS (0.3 ng/L) both were observed in West coast. Our 
results suggest that surface waters in the industrial areas at south and northwestern of Singapore 
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Persistent organic pollutants (POPs) are a class of organic compounds that are persistent, 
transported over a long range, bio-accumulative and toxic to humans and wild life. 
Perfluorinated compounds (PFCs) are a class of anthropogenic organofluorine compounds, 
which consist of carbon chains saturated with fluorine atoms. They have been synthesized since 
the 1960s.The carbon-fluorine bond is one of the strongest bonds in nature and makes them 
highly stable in air at high temperature, not readily degrade in strong acids, alkalis, or oxidizing 
agents. Moreover, they are not subject to degrade in environment. Due to their excellent thermal 
stability and hydrophobic properties, PFCs have a wide variety of applications in such as non-
stick polymers, water- and stain-proof coatings for paper and textiles, oxidation protective 
coatings on metals, inert surfactants for semiconductor etching, thermally stable lubricants, and 
aqueous film forming foams (AFFFs) [1]. On the other hand, due to their unique physicochemical 
properties, PFCs have been found to be environmentally persistent and bioaccumulative. 
Recently, PFCs have been included in the OSPAR List of Chemicals for Priority Action and as 
persistent organic pollutant (POP) under the Stockholm Convention on persistent organic 
pollutants (POPs) for global regulation of production and use [2]. 
Perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA), which are regarded as the 
terminal breakdown end-products of PFCs, are two of the predominant PFCs .The structures are 
shown in Figure 1-1. PFOX is released to the environment primarily during manufacturing and 
coating processes [3] as well as from the use of FC based products [4-5]. Once PFOS and PFOA 
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are released into the environment, these chemicals persist for many years and are able to travel 
long distance without breaking down. PFOA and PFOS are also listed as chemical contaminants 
on the Drinking Water Contaminant Candidate List CCL3 considered for future [6]. 
PFOX can be indirectly created via atmospheric, aquatic, or biologic transformation [7-9] of 
fluorotelomer alcohols and fluoroalkyl sulfonamides. Recent data suggests that the phasing-out 
production of PFOS and PFOA in 2000 by 3M [10] has reduced their proliferation in the 
environment [11]. The investigation showed that the occupational PFOA, PFOS was widely 
spread to population, wild animals and environment [12-14]. Therefore, it is very important and 
necessary to explore an accurate method to detect the PFOA、PFOS. 
 
Figure 1-1 Structures of PFOA and PFOS 
1.2 Application of PFOA and PFOS 
These specific compounds have special oil- and water resistant properties and they  have been 
used in many applications such as surface treatment, paper protection, chemical performance, 
coating materials, emulsifier and surfactant [15-16]. PFOS belong to high fluoride compounds and 
have been synthesized and been widely used in industrial and commercial areas since the 1960s, 
They were also used to produce daily necessities such as carpets, leather, textile, paper and 
packaging, coating materials, cleaning products, pesticides, insecticides, and firefighting foams 
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[17] . PFOA, also called C8, is a kind of raw materials for basic manufacturing fluoropolymer 
high-performance materials. Fluoropolymer is widely used not only in non-stick coating of 
cooking utensils and other consumer goods, but also in the architectural membrane materials, 
chemical pipes and containers, automobile fuel system, firefighting foam, communication and 
electronic wire, computer chip processor and system. 
1.3 Toxicity of PFOA and PFOS 
Since 2000, researchers have reported that PFOA/S can enrich in the animal serum. Therefore, 
they are existing in the wild animal and human body [18-20] . Jin, etc. [33] , analyzed the PFOA/s in 
the serum of volunteers from Shenyang, China, respectively, in 1987, 1990, 1999 and 2002. It 
was found that for all the serum samples (including men and women), concentrations of PFOA 
increased from 0.08 ug/L (1987) up to 4.3 ug/L (2002), the concentration of PFOS increased 
from 0.03 ug/L up to 22.4 ug/L. Concentrations of PFOA/S of women serum were 4.9 ug/L and 
22.4 ug/L respectively, while concentrations of PFOA/S of male serum were 1.6 u g/L and 8.3 
ug/L respectively. Human and animal exposed to PFOA/S mainly through food, especially 
seafood. The research showed that the intake of fish and shellfish have strong correlation withg 
concentration of PFCs in serum. 
Kim ‘s [22] research showed that when the carp (Cyprinuscarpio) exposed to PFOA, the 
vitellogenin, vacations and hydrogen peroxide enzyme (catalase, CAT) increased, 
correspondingly. Seacat etc. [23,24] found that mice and monkeys would have lesions such as 
weight loss, liver enlargement, decrease in serum cholesterol and triglyceride when exposed to 
PFOS. Other studies showed that PFOA and PFOS produce not only general toxicity to organism 
but also to reproduction [25] [26], development, neural [27] and the immune system. For example, 
when parents exposed to PFOS, the production mortality of baby mice and exposure 
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concentration showed obvious dose effect relationship. Huang’s [28] analyzed zebrafish embryos 
when exposed to 0~8 mg/L of PFOS, the results showed that PFOS had toxicity on zebrafish, 
such as curved spine, heart rate decreasing and spontaneous movement  blocking. 
Zhang, etc. [29] reported that the intake of PFOA and PFOS by eating meat, and eggs were 
6.00~9.64 ng/d and 254~576 ng/d, respectively, every day; through the dust in the air suction is 0. 
23 ~ 0. 31 ng/d and 9. 68-13. 4 ng/d respectively. PFOA and PFOS are taken in human body 
through food, dust, water every day, then enrich within the liver. It is difficult to extract from the 
body. Thus the harness to human body cannot be ignored. It can be seen that trace PFOA and 
PFOS existing in the environment should draw the attention of environmental researchers. 
Although in the early 1960 s, PFOA and PFOS were considered potential pollutants, it was not 
until the 21st century that its concentration distribution in the environment and potential 
ecological risk began to cause the attention in academic circles. Gradually related research were 
conducted after the detection of PFOA and PFOS in human blood and biology [9,10]. At present, 
Europe and America, Japan and other developed countries have conducted a series of research on 
concentration distribution、migration and degradation characteristics of PFOA and PFOS in the 
water, tap water and nature sewage treatment plant, and have taken a series of measures to 
reduce the negative effects of PFOA and PFOS on the environment. American 3 M company 
stopped to produce PFOS since 2000 [30], Sweden included PFOS as persistent organic pollutant 
(POP) list [31], the U.S. environmental protection agency carried out the project of “Stewardship 
Program” to reduce the production of PFOA [32]. 
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1.4 Source of PFOA and PFOS 
Schultz’s study on PFOA and PFOS in sewage treatment plant by mass balance showed that after 
secondary treatment, the amount of PFOA and PFOS increased or remained the same, which 
meaned that the traditional waste water treatment process cannot effectively remove these 2 
kinds of compounds. Sinclair’s research showed that for the waste water treatment plants which 
accept industrial wastewater, after secondary treatment, the concentration of the two kinds of 
material increased. While for sewage wastewater treatment plants, after the secondary treatment, 
the concentration of the two kinds of material did not increase. Also, Yu’s study showed that the 
concentration of PFOA and PFOS in the effluent from industrial wastewater treatment plants 
were much higher than that from sewage waste water treatment plant. 
The above research showed that the traditional wastewater treatment process cannot effectively 
remove these two substances. PFOA and PFOS existing in the environment mainly came from 
waste water from factories producing fluoride [33,34]and municipal sewage and industrial 
wastewater usually only contribute a small amount of that[33,35,36]. Other studies reported that 
alcohol fluorotelomers that evaporate into the air may be another major indirect pollution source 
of perfluorinated compounds in the environment[37]. The source and migration of PFOS and 




Figure 1-2 Source and migration of PFOS and PFOA in environment 
1.5 The concentration distribution of trace concentrations of PFOA and 
PFOS in water environment 
At present, Europe and the United States, Japan, China and other countries have conducted 
survey of PFOA and PFOS in the sewage treatment plant, rivers and drinking water [38-40], on 
the purpose of providing basic data to reduce the environmental risk based on the understanding 
of the present situation of this pollution. Singapore has numerous rivers and lakes. Some natural 
water are used as drinking water. So the water quality safety has been drawing more and more 
social attention. But the water  is interfered by human activities in different degrees, causing 
certain threat to water quality safety. Therefore, it is necessary to investigate, evaluate important 
trace pollutants in water in order to ensure the safety of drinking water. 
(1) Sewage treatment plant 
Yu, etc. [41] studied PFOA and PFOS removal behavior in two traditional activated sludge 
wastewater treatment plant of Singapore, the results showed that the concentrations of these 2 
kinds of compounds in effluent from sewage treatment plant were higher than that in raw water, 
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suggesting that the present treating technology can not effectively remove of PFOA and PFOS. 
Surfactants, titanium surface coating, waterproof materials used in daily life are collected into 
the sewage treatment plant through sewage collection system, not effectively removed in the 
wastewater treatment plant, then go into the environment through effluent and sludge fertilizer.  
Currently, PFOA and PFOS have different levels of detection in the inflow, the effluent and 
sludge in sewage treatment plant. Lien, etc. [42] found that the  effluent from sewage treatment 
plant is the main source of PFOA and PFOS in Japanese river field. Besides, discharge standards 
about PFOA and PFOS in effluent water from sewage treatment plant is rarely informed. 
Since the drinking water of German Sauerland region of Arnsberg was detected up to  0.64ug/L 
of PFOA, the German government began to set limit to the PFOS and PFOA concentrations in 
sewage treatment plant effluent and drinking water. The concentrations of PFOA and PFOS in 
the effluent of wastewater treatment plants were limited to 0.3ug/L [43].The recommended 
standards of the concentrations of PFOA and PFOS in other countries have not been reported. 
According to Germany's proposed standards, the concentrations of PFOS and PFOA in the 
wastewater treatment plant of Singapore, Germany, South Korea and the United States were 




Figure 1-3 Concentrations of PFOA + PFOS in the effluent of wastewater treatment plants in several countries 
 
Judging from the figure, we can see that, Singapore was the only one that the concentration of 
PFOA and PFOS in the effluent of CAS-2 waste water treatment plant exceed the recommended 
standards set by Germany, 0.3ug/L [43] 
(2) Lakes 
The research on PFOS and PFOA in the environment of the lake are not too much. According to 
the existing research, the survey on PFOA and PFOS pollution was only conducted in the five 
Great Lakes in the United States. After a serious of food security issues of drinking water and 
aquatic products. Residues of trace organic pollutants in drinking water and aquatic products 
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gradually draw people's attention, which proposed new tasks and challenges for the 
environmental workers. The study of the relationship between human health and survival trace 
organic pollutants cannot be ignored. Therefore, in order to protect drinking water and food 
security and to provide basic data for supporting the formulation of future water environment 
quality standards and sediment quality criteria, the research on the investigation of trace PFOA 
and PFOS pollution in lake water environment and on the transformation behavior in the aqueous 
phase and sediment  needs to expand rapidly . 
(3) Rivers, coastal zone 
The interference of human activities to the rivers and coastal zone of natural water body is 
getting more and more serious with the growth of world population and the social development 
and progress, as well as more other types of pollutants. With entering the 21st century, 
researchers from all over the world detected PFOA and PFOS in the range of ng/L in the rivers 
and coastal zone . The research work conducted in Europe (Germany, Italy), the United States, 
Japan, South Korea and other developed countries were the most prominent. In Singapore, there 
existing a lack of systematic study on the sources, pollution status and migration and 
transformation of PFOS and PFOA in natural water.  
(4) Tap water 
Takagi Et al. detected the concentrations of and PFOA and PFOS in the influent and effluent of 
14 Waterworks in Osaka, Japan, and calculated the removal rate. The results showed that 
removal effect of PFOS and PFOA by current tap water technology is not satisfactory, and the 
concentrations of PFOS and PFOA in tap water were higher than that in the influent. At present, 
the United States and other developed countries threshold standards of PFOS and PFOA for 
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drinking water to protect the safety of domestic water consumption. For example, the U. S. 
Environmental Protection Agency (EPA) and DuPont (e. I. DuPont de Nemours) agreed to set 
standards for PFOA in drinking water as 0.5ug/L[44]; Minnesota health departments set the 
threshold of PFOA and PFOS in the drinking water as 0.5ug/L and 0.3ug/L L[45]. While in 
Singapore, standards for PFOA and PFOS in sanitary drinking water have not been reported. 
1.6 Detection methods for perfluorooctanesulfonate (PFOS) and 
perfluorooctanoate (PFOA) 
Laboratory studies show that materials contain PFOS or PFOA can cause weight reduce of the 
organism, liver tissue weight increasing, getting more thick of alveolar wall variable, 
mitochondrial damage, induced gene, larval mortality increasing and susceptible to disease lethal 
and other adverse biological effect in certain dose[46]. According to the hazard assessment made 
by organisation for economic cooperation and development (OECD) in 2002, the existence and 
persistence of PFOS and PFOA in the environment, as well as their toxicity and potential of 
biological accumulation are important issues related to the environment and human health. 
Whether our life have been contaminated by the PFOA, PFOS and the pollution level have 
become a hot issue. It is urgent to establish a reliable and simple quantitative detection method 
for the PFOA, PFOS in the environment. 
(1)Pre-treatment 
Sample pretreatment is the key link in the analysis and detection, as long as the detection 
instrument is stable and reliable, detection results of precision and accuracy is mainly depending 
on the pre-treatment, moreover, the sensitivity of the method is closely related to the sample 
processing. At present, solid phase extraction (SPE), Liquid liquid extraction (LLE), Accelerated 
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solvent extraction (ASE), Ultrasonic extraction (USE) and Derivative techniques are the main 
pre-treatment methods for PFOS and PFOA detection. Of all the methods, LLE technology 
consumes large amount of solvent, easy to occur emulsion, has low extraction efficiency, and 
needs further treatment. ASE needs high temperature and pressure. USE method is simple and 
fast, but cannot be used when the sample is complicated. Compared with the above ones, SPE 
can simultaneously complete sample enrichment and purification, thus can greatly improve the 






HPLC Perfluorinated compounds itself have 
neither ultraviolet activity nor 
fluorescence activity, it is difficult to 
achieve the purpose of precise and 
quantitative detection by pure liquid 
phase chromatographic method. 
Combining with the pre-treatment and some specific 
detectors, many techniques including liquid phase 
liquid and chromatography with conductivity detector 
(LC-CD) phase liquid and chromatography with UV 
detector LC-UVD phase chromatography - fluorescence 
detector FID (LC) can achieve the detection. 
 
GC PFOA and PFOS are not volatile, it 
only can be carried out by the method 
of derivation. The derivation process is 
complicated, and the process of 
derivation can produce toxic 
At present, there are many kinds of detectors in GC, 
such as hydrogen flame ionization detector (FID), 
thermal conductivity detector (TCD), nitrogen 
phosphorus detector (NPD), flame photometric detector 
(FPD), and electron capture detector (ECD). 
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substances, and the linear range is 
narrow, which is not suitable for the 
wide range of wastewater PFCs 
monitoring, thus the gas phase method 






The equipment is expensive. This method is the most widely used method for the 
quantitative detection of the whole fluorine compounds. 
It can quantitatively detect the fluorine compounds in 
organic substances in the environment, biological 
tissues, chemicals, textiles and other substances [20-28]. 
The selectivity and sensitivity of the method are very 
high, detection range is large, requirement on sample 
pretreatment is low. It can provide a more detailed 
structural information than a single MS. At present, 
Establishing a quantitative detection method by the use 
of (high performance) liquid chromatography - tandem 
mass spectrometry has become one of the hot spots in 
the relevant field. 
 
 




PFCs have been widely applied in many diverse areas in recent years because of the unique 
physiochemical properties. They are more thermal stable, oxidatively resistant, weakly 
polarizable due to the fluorines. It is difficult to collect and treat the perfluorinated surfactants 
previously released to and distributed in the environment by using most conventional 
technologies such as trickling filtration, activated sludge, anaerobic digestion and chlorination 
because of the very dilute (i.e., ppt or pM) hydrosphere concentrations of PFOS and PFOA [47]. 
Moreover, most conventional degradation technologies are ineffective for the degradation of 
aqueous PFOS and PFOA since they are inherently recalcitrant to chemical and microbiological 
treatment [48,49]. The techniques mostly used in recent years to remediate and degrade aqueous 
PFOS and PFOA are conventional, oxidative, reductive, and thermal. The efficiency is highly 
dependent on the initial PFOX concentration (i.e., high for manufacturing waste or low for 
environmental distributed) and the matrix in question. 
1.7 Existing problems 
Firstly, due to the presence of different length of branch chain isomers of PFOA and PFOS, 
different structure in different environment has different metabolism and toxicity. The physical 
and chemical characteristics are also different. So their difference of migration transformation 
behavior in the environment is much bigger. If standards of isomers in the sample, and the 
isomer type and quantity differ very far, the detection results showed a larger deviation, 
especially when it comes to the detection of trace. Analysis results will have greater uncertainty. 
So it gives larger problem to analytical and detecting work. 
Secondly, because of the concentration of PFOA and PFOS in a sample is usually low. Sample 
pretreatment and chromatographic conditions and instrument error will have a greater impact on 
the results. Regardless of what kind of analysis, it can not without error. To avoid error 
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increasing, the interference in the matrix should be removed as much as possible by using 
appropriate method. At the same time, the data show that since PFOS exist widely in water, 
biological tissue, PTFE products, and other various environmental factors, these factors also may 
introduce other PFOS substances, so it is necessary to pay attention to lest the analysis influence 
the results. 
Finally, because PFOS substances are very stable, in the usual case they do not degrade. They 
will irreversibly adsorbed on the surface of the glass during samples stored procedure. Therefore, 
in each part of the experiment, it should be avoid to use glassware.  
1.8 Outlook 
PFOA and PFOS are new type of contaminants which have received much attention since the 
beginning of the 21st century. They are among the most commonly used among other different 
families of PFCs, its source in the environment, pollution situation investigation, migration 
transformation, effective reduction, ecological restoration and other aspects of research are not as 
mature as priority control pollutants. Which means that there still need a long time of exploration 
and research, in order to achieve the purpose of reducing, harmless. At present, there is a lack of 
systematic and complete investigation on the water pollution in Singapore. Due to the lack of 
relevant toxicology studies, there has yet no established sewage treatment plant emission 
standards and drinking water content threshold. In order to protect the domestic water and 
aquatic products safety, it is very urgent to set standards for the concentration of PFOA and 
PFOS in water environment. Based on the understanding of the current situation of pollution, 
exploring the effective reduction measures and ecological restoration scheme, in order to reduce 
the environmental risk. This is another challenge faced by environmental researchers, which will 
also be a hot topic in the future.  
15 
 
2 Model construction 
2.1 Model description 
 The current research mainly focus on the detection of PFOA and PFOS in the organism, but few 
of detection of both PFOA and PFOS in water. And in this experiment, HPLC/MS was used for 
the detection of PFOA and PFOS in surface water of Singapore. The results of the experiments 
show that the HPLC/MS method is accurate, effective and convenient compared with the method 
used in the past experiment such GC/MS [50], HPLC with fluorescence derivatization method [51], 
it has many advantages such as no derivatization, operation is simple, repeatability is good, low 
detection limit and simultaneous determination of PFOA and PFOS and others. 
Two major problems must be considered when trace levels of PFS need to be determined: (a) 
they are employed for production of numerous plastic equipments used in the laboratory such as 
vessels, cartridges, or tubings; therefore, sampling containers shall consist of materials that do 
not change the composition of the sample during sample storage[52].; (b) during LC-ESI-MS/MS, 
matrix components and actual concentrations of analytes in the final extract may suppress ESI 
yields, as observed previously [53,54]. 
2.2 Experimental 
2.2.1 Chemicals and equipment 
Acetic acid, w (CH3COOH) =99.9 % mass fraction. 
Ammonia solution, w (NH3) =25 % mass fraction. 
Ammonium acetate, w (CH3COONH4) =97 % mass fraction. 
Methanol (CH3OH), HPLC grade. 
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Internal-standard solutions:1,2,3,4-13C4-PFOA, ρ=1 ng/μl; 1,2,3,4-13C4-PFOS, ρ=1 ng/μl. 
Nitrogen (N2), purity˃ 99.996 %.  
Polycarbafil (GFP,KIRIYAMA);  
Equipment of which any part may come into contact with the water sample or the extract shall be 
free from interfering compounds. All the equipments were precleaned by rinsing with nanopure 
water and methanol and sonicated for 15 min.  
Narrow-neck flat-bottomed polypropene bottles, capacity 500 ml, with conical shoulders and 
screw caps. 
Solid-phase extraction cartridges (OASIS) packed with 150 mg of sorbent sandwiched between 
two polyethylene frits (Ireland).  
Syringe 50mL; 20mL (TERUMO) 
Graduated cylinder, capacity 500 ml. 
Evaporation assembly, using a nitrogen stream passing through a stainless-steel needle. 
1.5 mL PP Short Vials (Thermo). 
Shimadzu LCMS 8040 system (Kyoto, Japan)  
2.2.2 Water Samples 
Water samples from reservoirs, rivers, canals, effluents of WWTPs and coastal waters around the 
island were respectively collected December 2014. Due to the tropical climate in Singapore, 
November and December are the wet monsoon seasons [55]. Water samples were collected in 
500mL screw-capped high-density polypropylene (PP) bottles from 8 places：[1] Singapore 
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River (SR) [2] Marina Bay(MB) [3] Kallang River(KJ) [4] Bedok Reservoir(BR) [5] MacRitchie 
Reservoir(MR) [6] Kranji(KJ) [7] Jurong River(JR) [8] West Coast Park(WC) (Figure 2-1) in 
Singapore, with property marking (place+number +date). These 8 places are typical waters, for 
example  Kranji and Kallang River are the industrial areas, while MacRitchie Reservoir and 
West Coast Park are well protected and live without industrial pollutions. At each location, six 
500mL grab samples were taken, immediately transported to the laboratory and stored the 
samples at 4℃ until analysis. 
 
[1] Singapore River [2] Marina Bay[3] Kallang River[4] Bedok Reservoir 
[5] MacRitchie Reservoir[6] Kranji[7] Jurong River[8] West Coast Park 
Figure 2-1 Location of the water samples 
2.2.3 Filtration 
Samples were filtered through ɸ=60mm nylon membranes before use in order to remove 
suspended solids. Sonicate the filter paper in a beaker with methanol for 15 min. Combine the 




2.2.4 Solid phase extraction (SPE) 
Rinse the cartridge, in the following sequence, with 4 ml of ammonia/ methanol solution, 4 ml of 
methanol and lastly 4 ml of water prior to use. Make sure that the sorbent packing in the 
cartridge does not run dry. Retain the water in the cartridge (with the water level just above the 
packing) to keep the sorbent activated. 500-mL water samples were fed to the column at a rate of 
one drop per second, and then the cartridge was completely dried under vacuum for 30 second. 
Add 4 ml of acetate buffer solution to the dried cartridge, dry the cartridge under vacuum for 30 
second and discard the eluate. Then elute the target analytes with 4 ml of methanol followed by 4 
ml of 0.1 % ammonia/methanol at a rate of one drop per second. Evaporate the eluate with a 
gentle stream of nitrogen gas to a final volume of 0.5mL. The extract is now ready for HPLC-
MS/MS analysis. 
2.2.5 HPLC-MS/MS operating conditions 
A Shimadzu LCMS 8040 system (Kyoto, Japan) was used for detection and quantification of 
PFOS and PFOA. HPLC and MS operating conditions are listed in Table 2-1. For optimal 
sensitivity, selected ions and voltages for MS/MS transitions are listed in Table 2-2. HPLC 
system was flushed with methanol prior to use to avoid possible interferences. A trapping 
column (Nomura Chemical Co., Japan) was installed before the separation column to remove the 
contamination from the system. The instrumental blank was obtained before the analysis of 
samples (Figure 2-2). By comparison of the retention times and relative signal intensities observed 
for the ions monitored in the samples compared with those observed for the reference 
compounds, ideal peak can be identified. For the reason that mixture of PFOSs may contain 
branched isomers Figure 1-1[56], there may exist co-elution caused by incomplete separation. 
While, the linear PFOS is the target compound of this method, by using specific chromatography 
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columns Table 2-3 and by optimizing the chromatographic conditions, the linear (n-octyl) isomer 
can be separated from the others. 
 
Figure 2-2 LC-ESI-MS/MS chromatogram of a typical SPE extract of a river water sample (enrichment factor Ef 
1000) with concentrations of 41 l 2 ng/L PFOA and 18 l 1.7 ng/L PFOS 
 
Table 2-1 HPLC and MS operating conditions used during the analysis 
HPLC conditions 
Injection volume: 5 μL 
Flow rate: 0.2 mL/min 
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Mobile phase A: 2 mM ammonium acetate water solution 





length 5 mm 
inner diameter 4.0 mm 





length 150 mm  
inner diameter 2 mm 
particle size 2.2 μm 
Column temperature 40°C 
Gradient program (% of B) 40% at 0 min, increase to 90% at 18 min and keep at 
this level until 20 min, then revert to original 
conditions till 25 min. 
MS conditions 
Type of equipment: tandem quadrupole 
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Ionization: ESI negative 
Mode: Multiple reaction monitoring (MRM) 
Temperatures: DL temperature 300°C 
Heat Block  400°C 
Flow rates: Nebulizing gas flow 1.5 L/min 
Drying gas flow 10 L/min 
 
Table 2-2 Selected diagnostic ions used in the determination 
 




2.2.6 Quality control 
  To avoid contamination throughout the sample preparation and instrumental analysis, all the 
polytetrafluoroethylene materials and polyether ether ketone tubes were replaced by stainless-
steel pieces. Before use, the glassware was rinsed with methanol and ultrapure water. 
 The analytical characteristics of the method, such as reproducibility and limits of quantification, 
were investigated to evaluate the efficiency of the method. Procedural recovery was evaluated by 
spiking mixture of external standards (100 ng/mL, 10μL) to Milli-Q water. The SPE extraction 
of spiked Milli-Q water were applied to determine the limit of quantification (LOQ). 
Furthermore, spiked additions were applied to identify the matrix suppression on the ion signals 
for each batch of samples based on the standard addition method. Sufficient recoveries achieved 
for procedural blanks and spiked additions demonstrated the reliability and efficiency of the 
analysis method. Store the water samples at 4℃ in the darkness. Prior to preparation, the samples 
were allowed to reach room temperature. Five-point calibration curves in methanol were 
generated for each analyte in the range 0.5–10 μgL-1. Duplicate spikes were performed on SPE 
extracts from water samples, and the results from external quantification were compared with 









3 Results and discussion 
To our knowledge, perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS), the 
two predominant contaminants among the perfluorinated compounds. They have emerged as a 
new class of environmentally persistent pollutants, which have been widely used in different 
applications. In recent years，much more attention have been put on dealing with analysis of 
PFCs in natural. Analyzing compounds in natural samples by conventional methods sample 
cleanup and enrichment is laborious and often more time consuming than the quantitative 
analyses itself and can be the limiting factor of the number samples that can be analysed in a 
laboratory[57]. Fortunately, two primary principles for cleanup and sample concentration have 
been used more and more: liquid/liquid extraction with counter ion [58] and more recently SPE [59]. 
The present inline SPE method dramatically reduces the sample turnaround time. In this study 
we use SPE method to detect the PFOA and PFOS in the surface waters of Singapore in wet 
season.  
3.1 PFOS/PFOA Concentrations in Surface Water 
 Concentrations of PFOS and PFOA in surface waters, from eight places in Singapore are 
summarized in Figure 3-1, which show the spatial distribution of these two compounds in the 
western, middle, and eastern areas of Singapore. Overall, PFOS and PFOA concentrations in all 
samples were in the ranges of 0.3-10.2ng/L and 0.5-15.7ng/L, respectively. A previous study 
conducted in 2011 showed that, the concentrations of PFOS and PFOA in surface waters of 
Sigapore ranged from 2.2 to87.3 ng/L and from 5.7 to 91.5 ng/L, respectively, much higher than 
that in 2014. Indicating that during this three years, Singapore government has made much effort 
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to improve the surface water quality and of cause, the result is positive. But on the other hand, in 
all of the samples, PFOA were detected above LOQ (0.151ng/L). In general, PFOA 
contamination in surface water was in the order of: KJ(15.7ng/L)˃ KR (7.4ng/L) ˃MB(6.4ng/L) 
˃SR (5.7ng/L) ˃BR(4.5ng/L)˃JR(3.3ng/L)˃MR(2.8ng/L)˃WC(0.5ng/L).There were four places 
which were detected above the median (5.1 ng/L). Moreover, PFOA was found to be 
exceptionally high in Kranji(15.7 ng/L), which was two times higher than the second 
highest(KR)，indicating that there could be industrial discharges, point source of the compound, 
upstream of this river. The lowest concentration of PFOA was detected in WC(0.5ng/L), much 
less than the second lowest (MR), as we all know that, West coast lies in the southwest of 
Singapore, most of the part is filled with private house and a HDB estate, living without 
industrial contamination. Compared with WC, KJ lies in northwestern Singapore, and is an 




Figure 3-1 Concentrations of PFOS and PFOA in surface waters, from eight places in Singapore 
 
In 8 places, the median of PFOS concentration was 5.8 ng/L, a bit higher than that of PFOA with 
the median of 5.1 ng/L. There were also four places that were detected with the concentration 
above the median. In general, PFOS contamination in surface water was in the order of: SR 
(10.2ng/L) ˃ KJ (8.5ng/L) ˃ JR (7.0ng/L) ˃ MB (6.8ng/L) ˃ KR (4.7ng/L) ˃ BR (4.1ng/L) ˃ MR 
(1.8ng/L) ˃ WC (0.3ng/L). Overall, the concentration of PFOA and PFOS in each place were 
comparable. The highest concentration of PFOS was detected in SR (10.2 ng/L), while the 
lowest was detected in WC, only 0.3ng/L. From the result, we also can see that, the highest 
concentration of PFOS was close to the second, not like the condition of PFOA. SR flows from 
the Central Area, which lies in the Central Region in the southern part of Singapore, and extends 
more than two kilometers beyond its original source. Since the 1819s, due to rapid urbanization 
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and expanding trade, Singapore River sustained heavy traffic [54]. In addition, there were pig and 
duck farms, vegetable wholesaling around. As a result, it was heavily polluted by the disposal of 
garbage, sewage and other by-products of industries located along the river's banks. Overall, 
industrialized areas show higher contaminations in both PFOS and PFOA concentrations than 
non-industrialized areas. It was proposed that industrial activities have been linked with 
extremely high contamination of PFCs [55]. A previous study conducted in four countries 
(Thailand, Malaysia, China and Japan) showed the same conclusions [56].  
3.2 Analytical evaluation of the SPE–HPLC–MS method  
3.2.1 Selectivity 
It is well known that MS can detect analytes without the need of derivatization, besides, it can 
ensures certain identification of the target analytes, PFCs included [57]; thus PFOA and PFOS 
were simultaneously and selectively determined by MS. To evaluate the selectivity of the method, 
we use the chromatograms of blank water extracts where no peaks were evidenced at the 
retention times of the PFCs (Figure 3-2).The experiment conditions were showed in Table 2-1,2-
2,2-3. 




Figure 3-2 The chromatograms of blank water 
3.2.2 Linearity and matrix effects 
To assess the ion suppression/enhancement effect of the matrix in the ion source, calibration 
curves were prepared. There is a linear dependence between signal and concentration. For 
routine analysis, a single calibration was carried out with internal standards over the complete 
analytical procedure. Good linearity, determined by ordinary linear least-squares regression, was 
observed in the range 0.1–0.25μg L-1 for both analytes (R2> 0.999) in the two matrices Figure 
3-3.The experiment conditions were showed in Table 2-1,2-2,2-3.The matrix effect, in terms of 
signal suppression/enhancement, which is known to be often generated by co-extraction of 
natural organic matter present in environmental water samples [58], and/or by excessive salinity of 
the extract [59], can be therefore considered negligible. Optimal linear regression coefficients 
(R2>0.999) were obtained by duplicate spiking (2 and 4 μg/L) of SPE extracts from 
preconcentrated samples. In agreement with recent literature [60], external calibration proved to 
be a convenient choice, affording accurate quantification. 









4:13C-PFOS 502.90>80.00(-) CE: 53.0
3:PFOS 498.90>80.00(-) CE: 53.0
2:13C-PFOA 417.10>371.80(-) CE: 11.0




Figure 3-3 Calibration curves of PFOA and PFOS 
 
3.2.3 Accuracy: recovery and precision 
Recovery was first tested with distilled water to exclusively evaluate the adsorption capability of 
the derivatized nanotubes towards PFOA and PFOS, in the absence of any other 
inorganic/organic species. Samples were spiked with the PFCs at 2ng/L. The precision evaluated 
with blank water samples independently showed RSDs of PFOA and PFOS which were 2.9% 
and 7.3% respectively. The recoveries obtained in surface water in wet season of Singapore are 
showed in Table 3.1.From the table we can get that the recovery range of  PFOA of non-spiked 
samples was 62.7%-85.6%, while the recovery range of PFOS of non-spiked samples was lower, 
which was 46.5%-89.2%. The lowest recovery of both PFOS and PFOA were all happened in JR 
(62.7% and 48.1% respectively) and WC (65.8% and 46.5%, respectively), which were much 
lower than other places. This may be caused by the spoiling of water samples when doing the 
SPE extraction. While the matrix spike recovery of all the samples were much high (almost 
above 80%), which means that this method has enough precision. The lowest matrix spike 
recovery was detected in MB (Figure 3-4) (only 68.5%, much lower than the surrogate recovery). 
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When doing the SPE extraction, the cartridge of MB which was spiked with matrix was blocked, 
and it was not until the next day that the water finish SPE extraction, there was also some 
spoiling.  
Table 3-1 Recovery rate obtained in different aqueous matrices by solid phase extraction (SPE) 




























































































4:13C-PFOS 502.90>80.00(-) CE: 53.0
3:PFOS 498.90>80.00(-) CE: 53.0
2:13C-PFOA 417.10>371.80(-) CE: 11.0
1:PFOA 413.10>368.80(-) CE: 11.0







4:13C-PFOS 502.90>80.00(-) CE: 53.0
3:PFOS 498.90>80.00(-) CE: 53.0
2:13C-PFOA 417.10>371.80(-) CE: 11.0
1:PFOA 413.10>368.80(-) CE: 11.0
31 
 
4 Conclusions and future work 
A quantitative analyzing method was developed to detect PFOA and PFOS in surface water 
samples from 8 places of Singapore. The purpose of this study was to determine the magnitude 
and extent of PFCs' contamination and to provide an overview of the spatial distribution of PFOS 
and PFOA in the waters of Singapore. Compared with other conventional methods, the 
combination of inline SPE cleanup and HPLC-MS showed advantageous when analyzing 
environmentally important PFCs in surface water. The method is labour-saving and effective, 
making it possible to make automated analysis of natural water samples, with a minimum of 
sample handling and cleanup procedures. Even more, in recent years, many work have been done 
to determine the PFCs in aquatic environment around the world. But there is no unified detection 
method till now. So it can not make comparison between different countries, let alone set a 
unified system. Another purpose of this study is that we want to put this method to wider 
application if possible. 
Ranges of PFOA and PFOS in surface water were 0.5-15.7ng/L and 0.3-10.2%, respectively. The 
higher concentration of PFOA and PFOS were detected in KJ, SR, because of the high levels of 
industrial activities and effluent from several manufacturing facilities caused before in that area. 
On the other hand, West coast waters, which are in the nature reserve area，had lower 
concentrations of PFOS and PFOA, compared with other places surface waters. In addition, 
reservoir waters however, had relatively lower variation in concentrations for both PFOS and 
PFOA in comparison with other places waters. This study also compared the PFOA and PFOS 
contamination in the same place. The result showed that the contribution of PFOA and PFOS to 
PFCs are comparable in almost all surface water samples except in KJ. Overall, the industrialized 
areas showed higher contaminations in both PFOS and PFOA concentrations than non-
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industrialized areas. Thus it is proposed that industrial activities are one of the major sources of 
PFCs contamination in surface waters of Singapore. In this study, SPE-HPLC/MS method was 
used to detect PFOA and PFOS in surface waters of Singapore. From the result we can see that 
this method showed desirable recovery and selectivity, it was also labor saving and time saving. 
Therefor this combination detection method can be widely used for quantitative analysis of water 
pollutants. 
In the future, such detection work should be expanded to different seasons, different countries, 
making it easier to compare and evaluate the contamination level of a given site. We know that 
Singapore is a garden country and an economic power. It is of great sense to have a record of its 
own and is very important to make balance between the economic and environment. Such work 
also can give theoretical foundation and help the government to make rules which are suitable 
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